Introduction
Animal models constitute excellent tools to study the immune responses to fungal pathogens [1] [2] [3] . More than 20-years ago, animal models were used to measure the immune responses in PCM, initially in hamsters [4, 5] , mice [6] [7] [8] [9] , and then in guinea pigs [10, 11] and bats [12] . Additionally, a recent study has utilized dogs to explore certain immune functions [13] .
Experimental studies done with other pathogenic fungi have revealed that in infected animals, the route of infection influences their response profiles [2] . This was confirmed in experimental models of PCM; thus, the use of diverse routes of infection, the varying challenge doses, and the lack of quantitation have interfered with evaluation of the data [5, 6, [14] [15] [16] [17] [18] [19] [20] .
Several research groups have developed mouse models of this mycosis, and studied the host defence mechanism against P. brasiliensis [6, 7, [21] [22] [23] . A greater insight into the immune response elicited by P. brasiliensis has come from the use of murine models. Calich et al. [24] developed an isogenic murine model of PCM, where B10.A mice were susceptible to, and A/Sn mice were resistant to P. brasiliensis. However, development of an animal model simulating the fatal human disease, including the pulmonary portal of entry, has not been successful. Some investigators had been able to establish pulmonary and disseminated infections in normal mice by intratracheal or intranasal administration of P. brasiliensis yeast cells. However, the lack of quantization and characterization of the inocula have limited the reproducibility and utility of these systems [6] .
A common approach in these studies has been the use of the microorganism's tissue-invasive yeast cells. While such studies allowed evaluation of both the course of dissemination and the immune characteristics of the established infection, they were unable to determine the crucial early events occurring when the naturally infecting propagules reached the air spaces [15] .
Nonetheless, the exact mechanism of infection continues to be a matter of debate mainly due to lack of knowledge concerning the natural habitat of the fungus [25] . Considering that PCM is acquired through the respiratory route [26] , our group has developed a mouse model that reproduces human infection from its inception. The naturally infecting propagules conidia, are given intranasally to the animals, mimicking a naturally acquired infection. In this PCM model, the early inflammatory stages are characterized by few macrophages and abundant PMN, and also, by changes in the reticular stroma of the lungs' interstitium with formation of fibrotic scars [15, 27] . In addition, this model has permitted detailed observation of not only the characteristics of the inflammatory response evoked by P. brasiliensis conidia but also the constitutive elements of fibrosis [15, 27, 28] .
Even if the early inflammatory response is nonspecific, such a stage is important because it is just at this moment that the resident pulmonary macrophages interact with the fungus for the first time and become activated proceeding to stimulate recruitment of other inflammatory cells [27] [28] [29] [30] . In summary, the observations described above establish the value of this animal model for studies of the immune responses in PCM, and may contribute to designing new, more far reaching experiments.
Development of pulmonary paracoccidioidomycosis in an experimental murine model
The intranasal Infection of BALB/c male mice with P. brasiliensis conidia provides a uniform and highly reproducible model of both early stages and chronic pulmonary PCM. Our group has been using this model to study the various mechanisms participating in the early events such as adhesion and proinflammatory process, as well as the immune response of the fibrous processes leading to granuloma formation.
In PCM, and in other deep mycosis, the course and control of the infection are mainly determined by the interaction between the invading fungus and the various host defence mechanisms. In our PCM murine model, the sequential histophatological studies have revealed the kinetics of the inflammatory response consisting of three stages: (i) a neutrophilic or monocyte-neutrophilic stage, in which PMN and histiocytes are present, witnessing the early inflammatory process; (ii) a mixed granulomatous stage, in which epithelioid granulomata run in parallel with the presence of PMN and (iii) a granulomatous and fibrous-fibroblastic stage, characterized by presence of abundant giant cells, histiocytes, macrophages and fibrous conjunctive tissue [27, 28, 31, 32] .
Immune responses during the early stages of pulmonary infection with P. brasiliensis conidia As described below, it has been observed that during the early stages of infection induced by different fungal propagules (conidia, yeasts or their fragments), the inflammatory infiltrate is composed mainly by PMNs and macrophages [14, 21, 27-30, 33, 34] .
Characteristics of the acute inflammatory response
Histopathologically, and during the initial post-challenge periods, the lungs of mice infected with P. brasiliensis conidia, present a brochopneumonic, acute type response with PMNs accumulation that fuse with each other constituting extensive, illdefined masses, mainly at the peribronchiolar level [28, 30] . Initially, during these early stages postchallenge, an afflux of PMNs is observed, which changes towards a lympho-histo-plasmocytic infiltrate, finally leading to granuloma formation [28, 30] .
Concerning the fungus, the majority of the yeasts appear associated with inflammatory cells, consisting largely of PMNs and macrophage's aggregates. Finally, at the end of second week, when granulomata become established, yeast cells are not only numerous inside such structures, but are also in active multiplication and appear intermingled with PMNs [30] .
Inflammatory cells
In situ, the pulmonary inflammatory response evoked in mice after infection with P. brasiliensis conidia reached its maximum between days 2 and 3, when 40-42% of the lungs' area was involved. Nonetheless, at the end of the second week, a decrease on these values (about 8% of inflammatory areas) could be noticed [27, 28, 30] .
Two hours after infection, no inflammatory cells were observed in the lungs; however, 24-48 h postchallenge increased numbers of PMNs (over 90%) appeared dispersed among the inflammatory infiltrate (Fig. 1b) . On the third and fourth days post-infection, the inflammatory cells' composition consisted of a pool of PMNs and macrophages located inside the alveolar spaces and surrounding the peribronchial vessels (Fig. 1c) [27, 28, 30] . Conversely, in the mononuclear cells, during the early periods, it increased and reached high, stable levels (above 80%) after 4 day post-infection [28, 30] .
Monocyte/macrophages play an important role in host defence. They are implicated in innate resistance mechanisms against fungi via both their direct fungicidal capacity and synthesis of cytokines, such as tumour necrosis factor alpha (TNF-a) exerting a beneficial effect in the prevention of fungal infections [35] [36] [37] [38] [39] . Macrophages are main source of both TNFa and interleukin-1 (IL-1), cytokines that mediate both local and systemic inflammatory responses [35, 38, 39] . On the other hand, granulocytes, mainly PMNs, are the first cells to migrate into tissues in response to invading pathogens. It has long been recognized that their main role in the inflammatory and immune responses is accomplished through phagocytosis and killing of micro-organisms via the generation of reactive oxygen intermediates (ROI) and the release of the lytic enzymes stored in their granules [40] .
Eosinophils and lymphocytes have also been detected at the perivascular level during the second and third day post-infection ( Fig. 1d, e) [30] . Eosinophils are considered to be effector cells, which in the presence of antibodies or complement, are able to kill parasites [41] [42] [43] [44] [45] [46] . The role of eosinophils in the immune response to fungal infections has not been extensively studied. However, Wagner et al. [47] described in human samples that eosinophils were observed in direct association to or nearby P. brasiliensis. Nonetheless, in the majority of the corresponding publications, these cells were ignored, something that could be attributed to the fact that the haematoxylin and eosin stain often fails to show the presence of these cells [47] . In our model, we used special stainings such as Sirius Red to determine the presence of eosinophils (Fig. 1d) [30] . As it concerns lymphocytes, these cells could represent subpopulations of CD4, CD8 or NK cells, all of them capable of producing interferon gamma (IFN-c) [48] [49] [50] , described as the most important cytokine exerting a protective role in pulmonary PCM [51, 52] . In addition, it has been shown that in both susceptible and resistant mice, the depletion of CD8 T cells induces impairment of host defence against pulmonary PCM [53] . At this moment, however, the role of CD4 T cells has not been elucidated. In another study, NK cells were unable to control fungal infection [54] .
We have also observed that after intranasal challenge with P. brasiliensis conidia, the cellularity of bronchoalveolar lavage fluid (BAL) increased [29] . The majority of these pro-inflammatory leukocytes in BAL fluids of infected mice were PMNs. Accordingly with the above description, these cells were present during the first 4 days post-inoculation with a maximal value being observed at day 2. Nonetheless, macrophages increased significantly in infected animals at day 2 and reached their maximal number at day 4. Along the same line, lymphocytes were observed only in infected mice with a maximum value at day 4. These determinations coincided with the in situ description [29] . Similar results were described by Pina et al. [55] , who inoculated P. brasiliensis yeast cells in C57BL/6 mice and analysed the BAL fluid after infection. At 48 h post-challenge, they found an increase in the number of total cells, mainly due to PMN leukocytes influx in the BAL fluid. These results are consistent with other experimental models using medical important fungi such as Candida albicans, Aspergillus fumigatus and Pneumocystis carinii [56] [57] [58] [59] , where it has been demonstrated that the recruitment of PMNs occurs during first day post-challenge, and that this recruitment is mediated by pro-inflammatory cytokines including TNF-a, IL-6, IL-1b and granulocyte-macrophage colony stimulating factor (GM-CSF). As described below, in this model of pulmonary PCM, Fig. 1 we found higher production of pro-inflammatory cytokines during the early stages of infection, which appear responsible for this leukocyte recruitment into the lungs [29] .
Finally, in our model, we have observed a significant decrease in colony forming units (CFUs) after the first 2 days post-challenge [30] . Similar results had been observed previously using susceptible and resistant mouse strains inoculated intratracheally with P. brasiliensis yeasts [60] .
Pro-inflammatory cytokines
The phagocytic cells are the primary source of several pro-inflammatory cytokines that mediate both the local and systemic inflammatory responses [35, 38, 39] . It is well established that the expression of pro-inflammatory cytokines by macrophages or endothelial cells results in recruitment of leukocytes; subsequently, the latter adhere to infected tissues by means of adhesion molecules [38] . It has also been shown that TNF-a is one of the cytokines produced during the first week of the experimental PCM infection [61] . Besides, in other studies, it has been shown that this pro-inflammatory cytokine plays a crucial role in resistance to P. brasiliensis yeast cells infection [52, 62] . In vitro, other pro-inflammatory cytokines such as GM-CSF and IL-1b have also been shown capable of inducing fungicidal/fungistatic activity in both human and murine PMNs directed against P. brasiliensis yeast cells [63] [64] [65] .
In addition, PMNs are able to synthesize IL-1b, IL-8, TNF-a, transforming growth factor beta (TGF-b), macrophage inflammatory protein-1-alpha (MIP-1a), GM-CSF and IFN-a [40] , thus contributing to this stage of the host-parasite interaction. BALB/c mice respond to conidial intranasal infection by recruiting leukocytes into the lungs accompanied by a significant elevation of pro-inflammatory cytokines TNF-a, IL-6 and IL-1b, as well as with MIP-2 chemokine. The highest levels of these cytokines were found during the first 4 days in BAL fluids and lung homogenates, but not in sera, indicating that these molecules predominated in the pulmonary compartments [29] . It is well established that the production of these pro-inflammatory cytokines by both inflammatory and endothelial cells results in recruitment of leukocytes indirectly, through the induction of adhesion molecules' expression mediating transmigration of the inflammatory cells into the injured tissue [38] . In our model of conidia-induced pulmonary PCM, the higher cytokine levels at this site, in combination with PMNs and macrophages increases, suggest that these factors play an important role in the innate resistance to P. brasiliensis.
On the same token, in BALB/c mice, the high levels of these cytokines detected during first day post-challenge with P. brasiliensis conidia, have also been documented in vivo and in vitro in other models, and appear to play an important role in the control of fungal infections produced by C. albicans, A. fumigatus, Cryptococcus neoformans and Coccidioides immitis [66] [67] [68] [69] .
Expression of adhesion molecules
The adhesion process constitutes the initial phase of the host-parasite interaction, whereby endothelial cells induce leukocyte migration into infected tissue; this is a three-step process that includes rolling, mediated by selectins and their carbohydrate ligands [70] , followed by attachment and finally, by migration; the latter two events are mediated by integrins and adhesion molecules belonging to the immunoglobulin gene family [71] . Interactions between these molecules are crucial in promoting strong leukocyte adherence to vascular endothelium thereby permitting trafficking in the postcapillary venules and transmigration into injured tissues. Intracellular adhesion molecule-1 (ICAM-1) is a member of the immunoglobulin family, and is expressed on the surface of several cells including both endothelial and epithelial cells, platelets and mononuclear cells [72] [73] [74] . On the other hand, pro-inflammatory cytokines, such as TNF-a and IL-1-a, stimulate the expression of endothelial adhesion molecules: ICAM-1, vascular cell adhesion molecule-1 (VCAM-1), and endothelial leukocyte adhesion molecule-1 (ELAM-1), which are important modulators involved in the recruitment of leukocytes into inflammatory sites [75, 76] .
These adhesion molecules have been previously implicated in the inflammatory component of several lung diseases including asthma [77] , sarcoidosis [73] , tuberculosis [78] and infections produced by fungi such as C. neoformans [79] , P. carinii [80] , A. fumigatus [81] and C. albicans [82, 83] . Recently, the expression of adhesion molecules in the lungs of mice infected with P. brasiliensis conidia has been demonstrated during the early stages of infection [30] . An increase in ICAM-1 was observed during first four days on bronchiolar epithelium, pneumocytes and macrophages, as well as on vascular endothelium during first 2 days; however, ICAM-1 was observed constitutively in the lungs of control animals. ICAM-1 endothelial expression promotes adherence, activation and subsequent recruitment of inflammatory cells, especially PMNs and mononuclear cells [84] . Consistent with the above, an increase in the production of pro-inflammatory cytokines, as well as of PMNs and macrophages, has been observed at time of development of the inflammatory response to P. brasiliensis infection [29, 30] .
VCAM-1 has been observed only in the vascular endothelium of infected mice. This adhesion molecule is increased, and is rapidly induced (18-24 h postchallenge) after cellular activation with IL-1, TNF-a or IL-4 [85] [86] [87] [88] . VCAM-1 serves a receptor to VLA-4, an integrin expressed in monocytes, lymphocytes and eosinophils [85, 86, 89, 90] . In the present model, we observed that this adhesion molecule was expressed in vascular endothelial cells during the first 2 days post-infection, at the time when eosinophils and lymphocytes became present [30] .
In addition, the b2 integrins, CD18 and Mac-1, but not lymphocyte function-associated antigen-1 (LFA-1) were strongly expressed by cells present in the inflammatory infiltrates, especially on PMNs and macrophages, suggesting that the participation of Mac-1 is more important than that of LFA-1 for the recruitment of PMNs and macrophages into the lungs of infected mice [30] .
The results described above suggest that the expression of cellular adhesion molecules has bearings on the pathogenesis of PCM, and their up-regulation could be associated by overproduction of pro-inflammatory cytokines such as TNF-a, IL-1b and IL-6, among others.
In human studies, Fornazim et al. [91] , found increased number of lymphocytes and PMNs in BALs of patients with PCM. In this study, the alveolar macrophages over expressed ICAM-1, and other molecules on their surfaces, and they produced higher levels of IL-6, TNF-a and MIP-1a, indicating their participation in the pathogenesis of pulmonary PCM [91] .
Expression of extracellular matrix proteins
Extracellular matrix (ECM) proteins are considered to be essential constituents of tissues' support structures, and being important modulators of migration, differentiation, proliferation and function of the various cell types present into the lungs. In addition, these ECM proteins influence directly or indirectly the immune response including the inflammatory process [92] [93] [94] . Therefore, it has been reported that ECM proteins interact with several fungi including C. albicans, A. fumigatus, H. capsulatum, C. neoformans, P. marneffei and P. brasiliensis [95] [96] [97] [98] [99] [100] [101] .
In animals infected with P. brasiliensis conidia, ECM proteins synthesis began with deposition of fibrin-like material as early as 2 days, and during the subsequent inflammatory periods studied. A normal expression and deposition of fibronectin and fibrinogen, but not of laminin, was also observed in the lungs of uninfected animals. In contrast, during the inflammatory process in infected animals, the lungs experienced reorganization with increased deposition of the three ECM proteins tested (Gonzalez et al., unpublished data). In addition, analysis by confocal laser scanning microscopic (CLSM) and phosphomolybdic acid-picrosirius red (PMA-PSR) stain in non-infected animals revealed a normal distribution of collagen and reticulin fibres in the lungs, while in the infected animals, these fibres fragmented during the first day post-infection, with an increase being noticed on the latter periods (Fig. 1g, h ) (Gonzalez et al., unpublished data). The increase of ECM proteins was accompanied by a marked afflux of pro-inflammatory cells, suggesting their participation in the migration of such cells into the lung.
It is known that P. brasiliensis disseminates to several organs including liver, skin, spleen and lymph nodes. The manner in which the fungus gains access to these organs is unclear, but it may involve migration of P. brasiliensis-infected macrophages or dendritic cells [102] . In addition, degradation of ECM proteins may also play a role in this dissemination process, and it has also been demonstrated that P. brasiliensis is able to cleave type IV collagen, fibronectin and laminin through an exocellular serinethiol proteinase [103] .
These ECM proteins also play another important role in the host-parasite interactions related to adhesion of micro-organisms to host tissues, a crucial first step in the establishment of infection and subsequent dissemination. This type of adhesion is mediated by specific fungal cell-surface components called adhesins, which frequently bind ECM proteins [104] . Recently, the presence of these adhesins on the surface of both P. brasiliensis conidia and yeast cells has been demonstrated [100, 101, 105] . The data described above strongly suggest that ECM proteins, especially fibronectin, fibrinogen, laminin and collagen appear to play a significant role in PCM pathogenesis.
Molecules participating in fungicidal mechanisms
Clearance of pathogens in the respiratory tract is mediated at least partly, by the synthesis and secretion of host defence molecules into the airway lumen. Thus, the phagocytic system constitutes an important effector mechanism of the natural and adaptative immune response leading to inhibition or destruction of several pathogens through the production of molecules that exert such effect, once they become activated by cytokines. Among these effector molecules, one can list degradative enzymes such as collagenases and elastases, lysozyme, defensins proteinases, reactive oxygen intermediates (ROI) and reactive nitrogen intermediates (RNI) [106] [107] [108] .
Several investigators have shown that PMNs exert a fungicidal effect against P. brasiliensis yeasts, and that this effect is dependent on the respiratory burst products [109, 110] . In addition, it has been demonstrated that macrophages exert a fungicidal mechanism independent of oxidative burst products, but dependent on nitric oxide (NO) production [111, 112] . However, in vivo the role of these effector molecules against P. brasiliensis has not been elucidated.
Expression of iNOS and nitric oxide production
Nitric oxide (NO) is one the most important nitrogen intermediate; this molecule is generated by the oxidation of one of the nitrogen molecules of the aminoacid L-arginine [113] [114] [115] [116] . NO is known to exert microbicidal effect against several micro-organisms [117] .
In vitro, our group has shown that IFN-c-activated peritoneal murine macrophages have a fungicidal effect against P. brasiliensis conidia, and that such effect depends on NO production [112] . This mechanism has been elucidated proposing that once in the cytoplasm, IFN-c attaches to its proper macrophage receptor inducing nuclear factor (NF)-jB production, thus prompting expression of the inducible nitric oxide synthase (iNOS) with activation of the L-arginine-nitric oxide pathway, and subsequent NO production as early as 18-24 h post-challenge [118] . However, when macrophages were activated with TNF-a, these cells exerted an antifungal activity independent of the NO pathway [119] . Recently, studies conducted in our laboratories demonstrated that the NO-mediated fungicidal mechanism exerted by IFN-c-activated macrophages against P. brasiliensis conidia was dependent on an iron interaction [120] . In contrast, in vivo, we were unable to demonstrate NO production or iNOS mRNA expression during the early periods post-challenge (A. Gonzalez and M. Uran, unpublished data). Nonetheless, in other studies NO appears to play a dual role (in resistance and susceptibility) depending on the degree of expression [121, 122] .
Expression of lysozyme
One of the most abundant antimicrobial proteins in the lungs is lysozyme [123] . This enzyme is a nonspecific antimicrobial protein, acting against both bacteria and fungi. Lysozyme released from alveolar macrophages is stimulated by exposure to particles, such as latex, zymosan and bacteria. After stimulation, rat alveolar macrophages contain 10-fold greater intracellular concentration of this enzyme, and release more lysozyme than rat blood PMNs [124] . Taking into account the above observations, lysozyme may represent a mechanism, by which alveolar macrophages contribute to pulmonary defence. In addition, recombinant TNF-a is known for its ability to stimulate lysozyme in human macrophages and for increasing the respiratory burst activity. As described above, our group has demonstrated that in the early stages post-infection of the conidia-induced murine PCM model, a high production of this cytokine was present in BAL fluids [29] . In addition, we have found that murine peritoneal macrophages, when activated with recombinant TNF-a exerted a fungicidal mechanism against P. brasiliensis conidia [119] . Furthermore, we observed an increase of lysozyme expression in the lungs of mice infected with P. brasiliensis conidia during the early stages of infection (1-4 days), with the expression concentrating mainly on PMNs and macrophages with a parallel decrease in the number of fungal propagules (Gonzalez et al., unpublished data). The microbicidal effect of lysozyme has been demonstrated against C. albicans and H. capsulatum [106, 125, 126] . These results suggest that in vivo, lysozyme could well be one of the molecules participating in the control of P. brasiliensis infection.
Immune responses during the chronic stages of pulmonary infection with P. brasiliensis conidia PCM is considered as a chronic granulomatous progressive disease that affects predominantly the lungs with dissemination to other organs, thus becoming a systemic disease; in addition, this mycosis is characterized by a chronic immune response described for both human and experimental hosts [127] .
Our mouse model of pulmonary PCM has also been used to study this chronic immune response; at this time, different immunological mechanisms occur in inflammatory responses, cytokine production, metalloproteinase expressions, nitric oxide participation, granuloma formation and, finally, in the chronic pulmonary sequelae characterized by fibrosis, as described below.
Presence of fungal cells in the lungs
As showed initially by McEwen et al. [15] and later by Franco et al. [61] , the intranasal inoculation of P. brasiliensis conidia in BALB/c male mice resulted in a progressive disease characterized by an increase in the number of CFUs in the lungs during the course of infection (Fig. 2b) . Later on, these findings were confirmed by the presence of yeast cells; quantification with a 40· objective of 10 microscopic fields, revealed that yeast cells were observed in increased numbers with time post-challenge (Fig. 2a) [28] . Extrapulmonary dissemination to the spleen (week 4) and liver (week 12) was shown by the isolation in culture of the fungus from these organs [15] . This progressive infection induced in the lungs, a chronic inflammatory response, as described below.
Chronic inflammatory responses
Histopathological studies of pulmonary tissues from conidia-infected animals showed a chronic inflammatory response with great flux of macrophages, lymphocytes, plasmocytes, multinucleated giant cells and PMNs in order of importance [15] ; their migrations obeyed to the expression of certain cytokines (chemokines) and adhesion molecules produced in situ. After their migration to the pulmonary tissue, these cells centred around the fungus in special structures, granulomatas, characterizing this type of chronic diseases. The results showed that during chronic stages, the extension of the inflammatory infiltrate in the lungs occupied between 10.8 ± 3.4% and 30.8 ± 14.5% of this organ, with maximal values at 12th week (Table 1 ) [28] .
Infiltrating cells
We also determined the cellularity of bronchoalveolar lavages (BAL) in these infected mice, and [61] observed values between 0.68 and 5.1 · 10 4 cells/ mouse, with 75-85% of these cells corresponding to macrophages, 15-20% to lymphocytes, 2-5% to PMNs; in addition, BALs showed increased numbers of giant cells [27] . Concerning type of cells present in the pulmonary infiltrate, mononuclear leukocytes increased and reached high, stable levels, above 82%, in the chronic stages (8-16 weeks post-infection); conversely, PMNs decreased progressively in this period [28] .
Production of cytokines
Cytokines are known to play a major role in a variety of immunological, inflammatory and infectious diseases [128] . In general, a clinical classification divides immunological cytokines into those that promote proliferation and functioning of type-1 helper T-cells (Th1 cells), e.g. IFN-gamma, and those which stimulate type-2 helper T-cells (Th2 cells), e.g. IL-4, IL-10, IL-13 and transforming growth factor (TGF-beta) [129] .
During the chronic stages of experimental pulmonary PCM, cytokine productions has been studied in both lung homogenates and BAL supernatants by means of ELISA (protein) or RT-PCR (mRNA) assays.
In the lungs and with ELISA, infected mice exhibited significantly increased TGF-b concentrations when compared with controls (P = 0.003) and at 8, 12 and 16 weeks, TNF-alpha concentrations were lower than in earlier weeks, although they remained above control values (P = 0.0013) [61] . In addition, others cytokines tested, such as IFNgamma, IL-4 and IL-6 showed a significant increase in comparison with control, non-infected mice (Aristizabal et al., unpublished data). On the other hand, using the RT-PCR technique, we found that during the chronic stages, the mRNA for TNF-a and IL-10 were increased at 12 weeks, while the mRNA for GM-CSF was lower than in controls; concerning IFN-c and IL-12p40, there were no changes (Urán et al., unpublished data).
In other experimental model of PCM using susceptible and resistant mice, inoculated intratracheally with Pb-yeast cells, it was observed that irrespective of the mouse strain, IFN-gamma plays a protective role with this cytokine being considered a major mediator of resistance against P. brasiliensis infection in mice [51] . Resistance to P. brasiliensis infection is linked preferentially to a Th1 immune response, whereas susceptibility is associated with absence of IFN-gamma production [130] . In the chronic phase of the disease, susceptible animals presented a transitory secretion of IL-2, and IL-4, and in the pulmonary infection, IL-4, IL-5 and IL-10 were preferentially detected in lung cells' washings of susceptible animals [62] . In addition, Arruda et al. [131] , demonstrated a dual role for IL-4 in pulmonary paracoccidioidomycosis, as endogenous IL-4 could induce protection or exacerbation of the disease depending on the host genetic pattern. Other study showed that IL-12 protects mice against disseminated infection caused by P. brasiliensis, but enhances pulmonary inflammation [132] .
It was also demonstrated that endogenous TNFalpha, acting through the p55 receptor, and IFNgamma, mediated resistance to P. brasiliensis infection [52] . In addition, IFN-gamma modulated the expression of chemokines and chemokine receptors, as well as the kind of cells that infiltrate the lungs of Pb-infected mice [133] .
Expression of metalloproteinases and their inhibitors
Matrix metalloproteinases (MMPs) are a family of zinc-and calcium-dependent, secreted or membraneanchored endopeptidases, which comprise 22 different members. Although they exhibit a broad substrate spectrum, they are subdivided according to their main substrate into collagenases, gelatinases, stromelysins, matrilysins, metalloelastase, membrane-type MMPs (MT-MMPs) and others. MMPs are secreted as zymogens and become activated by cleavage of their propeptide [134] . MMPs and their specific inhibitors, TIMPs (tissue inhibitors of metalloproteinases), are involved in many physiological processes, also taking part in the pathophysiologic mechanisms responsible for a wide range of diseases. Thus, MMPs and TIMPs are involved in both fibrogenesis and fibrolysis process. In order to determine the participation of these molecules during the pulmonary fibrous process induced in BALB/c mice inoculated i.n. with P. brasiliensis conidia, we studied the expression of interstitial colagenase (MMP-1), gelatinase A (MMP-2) and TIMP-1 in pulmonary tissue of infected animals, during different periods post-infection and using an immunohistochemical technique (Fig. 3) . The results showed that after 4 weeks post-inoculation, 85.7% of infected mice expressed MMP-1 and MMP-2, and 71.4% TIMP-1, all with moderate intensity in alveolar macrophages around peribronchial tissues and blood vessels' smooth muscle cells. At 16 weeks postinfection, practically all infected biopsies showed moderate staining to metalloproteinases, but with higher intensity in 30% samples, especially in those representing epithelial and macrophagic cells [135] .
In conclusion, these results suggest that as more collagen becomes deposited, more metalloproteinases and tissular inhibitors will be present conforming an inflammatory pattern in both production and depot. Alveolar macrophages and interstitial cells are the principal MMP-1, MMP-2 and TIMP-1 production sources [135] .
Granuloma formation
Direct evidences indicate that granuloma formation as induced by P. brasiliensis infection is intimately related to the host's immune response. In PCM, the formation of granuloma and the efficient control of fungal proliferation in their interior, are in favour of the cellular immune response role [136] .
Experimentally-induced granulomas appear identical to those seen in human paracoccidioidomycosis [61] . This structure becomes apparent only during the first week post-challenge, and their number increases with time post-infection, so that by 4-8 weeks after challenge, 58% of the animals exhibit well-formed epithelioid granulomas with a PMN component, especially at the perivascular level and also, with persistence of the lympho-plasmocytic infiltrates [27, 28] (Fig. 4) . During the following weeks and in the whole lung, granulomas vary in number from 8 to 16 weeks, with a peak at week 12. Granulomas are compact when first formed, but become loose, fusing with each other, with the progression of the infection. Yeast cells are numerous, in active multiplication, Fig. 3 Expression of MMP-1 (a), MMP-2 (b) and TIMP-1 (c), in the lungs of P. brasiliensis conidia-infected animals, during the chronic periods post-infection, and using an immunohistochemical technique (Adapted from Bárcenas et al. [135] ) Fig. 4 Histological aspect of a granuloma in lung tissues from mice, 12 weeks post-inoculation with P. brasiliensis viable conidia. H&E and appear intermingled with PMNs, plasmocytes and fibroblasts [28] .
Other authors, using a different experimental PCM model (C57 BL/6 mice infected via trachea with 1 · 10 6 viable yeast cells of Pb18), have demonstrated that the organization of a granulomatous reaction in ICAM-1 deficient mice is delayed, starting only on day 60 after infection, whereas in wild-type mice, this process was completed on day 30 postinfection. These data show that ICAM-1 is effectively involved in cellular migration and in the organization of the granulomatous lesion caused by the fungus P. brasiliensis [137] . Moreover, the absence of ICAM-1 resulted in high susceptibility to the infection, in increased growth and dissemination of fungus, decreased number of CD3+CD4+ and CD3+CD8+ T cells and increased production of interleukin-4 at the inflammatory site.
Fibrosis development
Fibrosis is a frequent and incapacitating sequelae of numerous infections [127, 138, 139] , immune diseases [140] and exposure to toxic drugs [141] . It may also be the result of cryptogenic processes [142] [143] [144] . In these diseases, fibrosis shares common characteristics, including fibroblast proliferation and extracellular matrix deposition [145] [146] [147] . Lung fibrosis often follows a series of chronic granulomatous processes. Frequently, fibrosis begins with inflammation and leukocyte infiltration, followed by increased cytokine generation [143] [144] [145] . These reactions are thought to promote excess accumulation of connective tissue, which usually results in structural and functional alteration of the involved tissues [145] . Fibrosis appears to begin simultaneously with both the inflammatory process and the presence of leukocyte infiltrates; it then progresses and consolidates at the time of granuloma formation. Based largely on in vitro experiments, transforming growth factor-b (TGF-b), tumour necrosis factor-a (TNF-a), interleukin-1 (IL-1), IL-6 and IL-13 have all been implicated in the generation of fibrosis [148] .
In our mouse model, induced by the i.n. inoculation of P. brasiliensis conidia, we observed that after 4 weeks, the lungs showed disorganized and disrupted reticular fibres. Six to eight weeks later, peribronchial infiltrates were larger and appeared surrounded by reticular fibres; thick collagen I fibres were noticed in the infiltrated areas at this time. On weeks 10-12, infiltrates were confluent and reticular fibres were concentrated around the inflammatory foci; collagenization was apparent. Observations up to 16 weeks revealed diffuse involvement of the lung parenchyma with extensive collagenization [27] (Fig. 5) .
Another parameter indicative of fibrosis is the hydroxyproline concentration; we measured this compound in pulmonary tissues from control and infected mice. The results showed that in comparison with noninfected controls, infected mice had increased concentrations of hydroxyproline by 8 weeks post-challenge, (P = 0.0237). Mice at weeks 8, 12 and 16 had much higher hydroxyproline concentrations than mice at 1, 2 and 4 weeks (P = 0.006). At weeks 12 and 16, the concentrations of hydroxyproline were 3.6 and 8.6 times higher than in control animals of the same age [61] .
Fibrosis was associated with formation of granulomas, increase in lung hydroxyproline and sustained increases in tissue tumour necrosis factor-a and transforming growth factor-b; suggesting a role for these cytokines in generation of pulmonary fibrosis associated with chronic granulomatous infectious diseases [61] .
Latter on, we studied the contribution of viable and non-viable P. brasiliensis propagules to the fragmented yeast cells (Group II). Results indicated that tissue response to fragmented yeast cells was transitory, while viable conidia evoked a progressive inflammatory reaction leading to granuloma formation and to excess production and/or disarrangement of collagens I and III; the latter led to fibrosis [28] . Much remains to be done before the genesis of the fibrotic process in paracoccidioidomycosis is understood; however, the possibility offered by the mouse model reported here may contribute to designing new, more far reaching experiments.
iNOS expression and nitric oxide (NO) participation
In order to determine if the NO system had a role during the chronic immune response in our PCM pulmonary model, we developed an immunohistochemical study for iNOS (NOS2) detection on lung biopsies from infected mice. We observed that this enzyme was expressed mainly in vivo in the epithelioid histiocytes, and that its maximal expression occurred 12 weeks after infection (P \ 0.01). Expression of iNOS correlated significantly (r = 0.77891) with the number of granulomas present in the pulmonary parenquima, suggesting that iNOS induction at this stage, would depend on factors or mechanisms related to the environment in the granuloma (Caro et al., unpublished data). This association has been reported previously in other experimentally induced models of granulomatous reaction with endotoxin [149] , Leishmania major [150] and C. neoformans [151] .
In addition, in order to study the in vivo participation of NO in our murine model, we selected aminoguanidin (AG) as a highly specific inhibitor of iNOS [152] . We treated groups (n = 21 for each one) of infected and non-infected mice with AG 1% in the drinking water, ad libitum [152] [153] [154] [155] ; another two groups (same number of mice) of infected and noninfected mice were treated with PBS; all the animals were observed daily for 190 days, the deaths were recorded, and the survival time was calculated. We found that, at day 141, 90% of P. brasiliensisinfected, AG-treated mice had died in contrast with 40% of the P. brasiliensis-infected PBS-treated mice (P = 0.00778). Treatment with AG 1% at lib was non-toxic (90.5% survival in the non-infected AG-treated mice). These results suggest that during the 12-17 weeks of infection, the NO system played an important protecting role against fungal infection (Urán et al., unpublished data). This effect has been observed in other experimental models, Beckerman et al. [156] working with listeriosis demonstrated that the administration ad lib of AG resulted in high mortality and greater bacterial loads in the spleen. Similar results were observed in a model of latent tuberculosis [155] .
However, the in vivo role of NO in experimental PCM is very controversial; although NO is important for the killing of fungi, the activation of NO production in P. brasiliensis infection contributes to the occurrence of the immunosuppression observed during the course of the infection [121] . Nascimento et al. [122] proposed a dual role for nitric oxide in experimental PCM: NOS2-derived NO is essential for resistance to paracoccidioidomycosis, but its overproduction is associated with susceptibility.
Concluding remarks
The body of information just presented on the host-P. brasiliensis conidia interactions is, undoubtedly, of importance as it reproduces those initial stages of human paracoccidioidomycosis, which are not easily recognized in patients. The way is now open to valuable comparisons with experimental models using yeast cells as the inoculum so as to determine if the initial encounter with the naturally infecting particle does, indeed, marks a difference in the host response, and in the overall course of the mycosis. Additionally, a concerted effort has been made to appraise the whole gamut of immune factors and related molecules that directly or indirectly, contribute to shape the pathogenesis of this Latin American mycosis, including the most feared of its sequelae, fibrosis. It is expected that this review will contribute to a better understanding of paracoccidioidomycosis, so that future patients may benefit from recently acquired knowledge. 
